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Lassa fever has been estimated to cause 5,000 deaths annually in West Africa. Recently, war in the zone
where Lassa fever is hyperendemic has severely impeded control and treatment. Vaccination is the most viable
control measure. There is no correlation between antibody levels and outcome in human patients, and
inactivated vaccines produce high titers of antibodies to all viral proteins but do not prevent virus replication
and death in nonhuman primates. Accordingly, we vaccinated 44 macaques with vaccinia virus-expressed Lassa
virus structural proteins separately and in combination, with the object of inducing a predominantly TH1-type
immune response. Following Lassa virus challenge, all unvaccinated animals died (0% survival). Nine of 10
animals vaccinated with all proteins survived (90% survival). Although no animals that received full-length
glycoprotein alone had a high titer of antibody, 17 of 19 survived challenge (88%). In contrast, all animals
vaccinated with nucleoprotein developed high titers of antibody but 12 of 15 died (20% survival). All animals
vaccinated with single glycoproteins, G1 or G2, died, but all those that received both single glycoproteins (G1
plus G2) at separate sites survived, showing that both glycoproteins are independently important in protection.
Neither group had demonstrable antibody levels prior to challenge. We demonstrate that in primates, immune
responses to epitopes on both glycoproteins are required to protect against lethal challenge with Lassa virus
without having untoward side effects and that this protection is likely to be primarily cell mediated. We show
that an effective, safe vaccine against Lassa virus can and should be made and that its evaluation for human
populations is a matter of humanitarian priority.

Lassa virus is endemic in rural West Africa. The prevalence
of antibody to Lassa virus ranges from 5% in Guinea and 15 to
20% in Sierra Leone and Liberia to over 20% in Nigeria (7,
30). Lassa fever has been estimated to cause from 100,000 to
300,000 infections a year and several thousand deaths (30).
The fatality rate for hospitalized patients is about 17%, but in
certain groups of patients, such as pregnant women in their
third trimester, more than 30% may die, and fetal or neonatal
loss is about 88% (34). Deafness is a common complication of
Lassa fever, affecting as many as 15% of patients and rendering
an estimated 1 to 2% of the population hearing impaired in
areas with high rates of infection (11). Treatment with intra-
venous ribavirin has been shown to be effective; however, it is
not widely available in the areas where the disease is endemic
and must be administered in the first week of illness for opti-
mal efficacy (28). Recently, social and economic conditions
have deteriorated in areas of high endemicity of eastern Sierra
Leone and Liberia, and incidence and mortality have increased
(R. Allan, R. Ladbury, K. Skinner, and S. Mardel, Abstr. Int.
Conf. Emerg. Infect. Dis., abstr. 16, p. 21, 1998).

Lassa virus, an arenavirus, exhibits persistent, asymptomatic
infection, with profuse urinary virus excretion in Mastomys
natalensis, the ubiquitous and highly commensal rodent host
(23, 31). Human infection is due to contact with rodents or
infected patients. Widespread prevention of such contact is
presently impractical, so provision of a vaccine for community
and hospital use is an imperative public health need (19, 23,
30). We previously reported that a vaccinia virus expressing the

Lassa virus glycoprotein protected four nonhuman primates
against lethal challenge with Lassa virus (16). We now present
data using standardized vaccination and challenge protocols
which compare levels of protection afforded by vaccines ex-
pressing the full range of Lassa virus proteins for two different
species of nonhuman primates.

MATERIALS AND METHODS

Nonhuman primates. We studied 44 nonhuman primates: 28 Macaca mulatta
(rhesus) and 16 Macaca fascicularis (cynomolgus) monkeys under protocols
approved by the Centers for Disease Control and Prevention Animal Care and
Use Committee. All procedures requiring animal handling were performed with
the monkeys being under light ketamine anesthesia. Immediately before Lassa
virus challenge, animals were moved from biosafety level 2 to biosafety level 4
facilities, where they were housed in Bioclean laminar-flow animal containment
hoods (BiochemGARD, Sanford, Maine), and daily inspections were made to
record changes in appetite, water consumption, behavior, and general condition.
Some animals were sacrificed in extremis for humanitarian reasons (minimal
responses to stimuli, hypothermia, and hypotension). Antibody to simian retro-
virus (SRV) was measured in animals which were from a colony in the facility.

Lassa vaccine candidates. The viruses used to immunize were NYBH strains
of vaccinia virus either expressing Lassa genes, not expressing these genes as a
negative control, or expressing Mopeia virus genes (MOP) as a positive control
(41; M. P. Kiley, J. V. Lange, and K. M. Johnson, Letter, Lancet ii:738, 1979).
Lassa virus is an arenavirus and has an ambisense S segment coding for structural
proteins and an L segment coding for the viral polymerase (2). We therefore
used vaccinia viruses expressing the following S-segment Lassa structural pro-
teins: (i) the full-length glycoprotein (V-LSG), (ii) the nucleoprotein (V-LSN),
(iii) the full-length glycoprotein and nucleoprotein in the same construct (V-
LSG/N), and finally (iv) single glycoproteins (V-LSG1 [containing residues 1 to
296] and V-LSG2 [with a deletion of residues 67 to 234]) (1, 31, 33). Sequences
used were derived from the Josiah strain of Lassa virus, isolated from a patient
in Sierra Leone. Among 10 negative control animals, 3 received NYBH and 7
were unvaccinated.

We vaccinated 34 animals (Table 1). Two received V-LSG1, and two received
V-LSG2. Eleven received V-LSN. Nine received either the full-length glycopro-
tein expressed singly (seven were vaccinated with V-LSG) or the separate gly-
coproteins expressed in combination (two were vaccinated with V-LSG1 plus
V-LSG2). A further eight animals were vaccinated with constructs expressing all
the protein products of the small segment of the Lassa virus genome; six were
vaccinated simultaneously with V-LSG and V-LSN, and two were vaccinated
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with a single construct, V-LSG/N. Two animals received 104 PFU of Mopeia
virus subcutaneously.

Immunization and challenge procedures. All animals received a single vacci-
nation consisting of 0.2 ml of vaccine given intradermally and simultaneously at

four separate sites (each forearm and the lateral aspect of each thigh) at a
dilution which delivered to each animal a total dose of 109 PFU. When two
vaccines were used, each vaccine was administered in one arm and one leg on the
ipsilateral side. Typical vaccinia virus lesions were measured and recorded reg-

TABLE 1. Virus titers of the challenge virus at various days after challenge in vaccinated and
unvaccinated monkeys challenged with lethal doses of Lassa virus

Vaccinea Monkey Day of
death Outcomeb Vacc/chal

intervalc
Challenge

titerd

Lassa virus titer (log10 PFU/ml) by day following inoculation

3 4 5 6 7 8 9 10 11 12 13 14 15

NYBH RH1 15 D 40 104 2.0 4.0 3.0
RH3 12 D 49 104 2.0 3.0 3.0 4.2
CY1 19 D .900 104 0.0 2.0 2.8 4.4 4.5 5.2 6.0 6.5 6.8 6.3 6.5 6.8

None RH9 19 D 104 4.6
RH10 10 D 104 4.2 6.1
RH13 12 D 104 0.0 0.0 3.6 3.8 4.1 4.1 5.2 5.7 6.5 6.4
RH14 13 D 104 0.0 0.0 0.0 0.0 3.0 3.4 3.8 4.5 5.2 6.3
RH15 15 D 104 0.0 0.0 0.0 0.0 0.0 4.2 4.5 5.2 6.0 6.3
RH16 13 D 104 0.0 0.0 0.0 4.2 3.6 4.3 4.5 4.8 5.7 6.4 6.7
RH39 11 D 104 0.0 0.0 2.0 2.0 3.2 3.6 4.6 5.4 6.2

V-LSG1 CY17 14 D 116 103 0.0 0.0 0.0 2.7 2.8 3.8 4.2 4.7 6.8 6.8 6.9
CY18 16 D 116 103 0.0 0.0 2.5 3.5 3.8 4.0 4.3 5.2 5.6 5.8 6.0

V-LSG2 CY15 13 D 116 103 0.0 0.0 2.0 2.2 3.0 3.9 4.0 4.3 5.2 5.8 6.4
CY16 12 D 116 103 0.0 2.5 3.6 3.9 4.8 5.9 6.2 6.3 7.9 8.0

V-LSN CY13 9 D 274 104 0.0 2.7 4.8 5.8 5.9 6.2 6.1
CY14 12 D 274 104 0.0 0.0 4.2 4.5 4.8 5.3 5.5 7.3
CY5 9 D 70 104 6.1 7.8 8.6
CY6 11 D 75 104 6.0 6.3 8.1 8.1
RH11 13 D 62 104 0.0 0.0 0.0 0.0 2.3 3.5 3.2 3.4 3.8 3.7 3.7
RH12 13 D 62 104 0.0 0.0 0.0 3.1 3.2 3.6 4.1 5.1 6.1 5.1 3.7
RH19 11 D 354 104 0.0 0.0 0.0 1.6 3.6 3.9 5.1 5.8 7.0
RH20 12 D 157 104 0.0 0.0 1.3 1.6 2.1 3.3 5.0 6.0 8.2 9.0
RH30 S 126 103 0.0 0.0 2.1 2.3 2.0 1.9 1.8 1.4 1.3 1.5
RH31 S 126 103 0.0 0.0 2.3 2.3 2.5 1.6 1.4 1.3 1.4 1.9
RH33 S 75 103 0.0 1.7 1.8 2.0 1.5 1.0 1.2 1.0 0.0 0.0 0.0 0.0

V-LSG CY11 S 274 104 0.0 0.0 4.3 4.5 4.1 4.3 0.0 0.0 0.0 0.0 0.0 0.0
CY12 S 274 104 0.0 0.0 0.0 4.6 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CY19 21 D 700 104 0.0 0.0 0.0 2.3 3.7 3.0 2.5
RH4 S 270 104 0.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RH5 S 270 104 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0
RH6 S 270 104 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RH8 S 36 104 2.0 0.0 0.0 0.0 0.0 0.0

V-LSG1 1 V-LSG2 RH38 S 82 104 0.0 0.0 2.3 3.0 3.3 3.2 3.7 4.0 4.1 3.5 2.9 3.0
RH37 S 86 104 0.0 1.0 2.3 2.9 1.8 2.0 2.1 2.8 1.4 1.4 1.4 1.0

V-LSG 1 V-LSN RH17 S 354 104 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0
RH18 S 354 104 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CY10 S 189 104 0.0 0.0 0.0 3.1 3.4 4.2 3.7 3.1 0.0 0.0 0.0 0.0
CY7 11 D 488 104 0.0 3.3 3.8 5.3 5.2 6.1 6.4 7.0
CY8 S 189 104 0.0 0.0 0.0 2.3 3.1 3.3 0.0 0.0 0.0 0.0 0.0 0.0
CY9 S 488 104 0.0 0.0 4.2 5.4 5.3 5.7 4.5 3.0 2.3 0.0

V-LSG/N RH35 S 86 104 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RH36 S 82 104 0.0 1.0 2.3 2.5 2.3 0.0 0.0 0.0 0.0 0.0 0.0

Mopeia virus RH2 S 36 104 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0
RH7 S 36 104 2.2 0.0 0.0 0.0

a Vaccines are indicated as follows. For the negative controls, “None” indicates no vaccine given and “NYBH” indicates the NYBH strain of vaccinia virus. For the
positive control, the Mopeia virus was used. The Lassa fever vaccines were V-LSG, the uncleaved, full-length glycoprotein; V-LSN, the nucleoprotein; V-LSG/N;
V-LSG/N plus V-LSG, the glycoprotein and nucleoprotein, which were administered in the same construct or in two separate constructs given at the same time; and
V-LSG1 and V-LSG2, the cleaved glycoproteins 1 and 2, which were given separately or at the same time. Sequences used were derived from the Josiah strain of the
Lassa virus.

b D, died; S, survived the Lassa virus challenge.
c Vacc/chal interval, interval between vaccination and challenge (days).
d Challenge titer, titer of challenge virus on retesting after challenge (log10 PFU/ml).
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ularly. All animals were challenged subcutaneously with 103 to 104 PFU of the
Josiah strain of Lassa virus in 0.5 ml of phosphate-buffered saline within 36 to
700 days (Table 1).

Laboratory procedures. Lassa virus titers following challenge were measured
in serum samples and tissue specimens by plaque assay on Vero E6 cells. Cocul-
tivation was performed by mixing a trypsinized suspension of Vero E6 cells with
an equal number of cells from a suspension of ground liver, spleen, or kidney.
Anti-Lassa virus antibodies were measured by immunofluorescent antibody
(IFA) techniques and by radioimmunoprecipitation (RIP) using [S]methionine
and glucosamine radiolabels as previously described (16, 40). The intensities of
the RIP bands were graded by the same observer using a scale of 1 to 4, with 1
being a faint band and 4 being a strong band. Reverse transcriptase PCR (RT-
PCR) detection was applied to guanidine-extracted sera and tissues from in-
fected monkeys to detect Lassa virus RNA during both the acute and the
convalescent stages of infection as described previously (36). Primers were de-
rived from a region of the small RNA segment of Lassa virus coding for the
glycoprotein (36). Hemoglobin, hematocrit, platelet, leukocyte, and erythrocyte
counts were performed using a Hycell 555 cell counter (Boehringer Mannheim,
Houston, Tex.) or a Coulter Electronics Inc. (Hialeah, Fla.) model T660 counter.
Some white cell and differential counts were performed manually. Clinical chem-
istries were performed using a Lambda 3 UV–visual-spectrum spectrophotom-
eter (Perkin-Elmer Corporation, Norwalk, Conn.).

Autopsy and biopsy. A unilateral nephrectomy with splenectomy and liver
biopsies was performed on three animals to obtain serial biopsy material. Sur-
vivors were electively sacrificed when they were well and aviremic between days
21 and 966. Animals which died or which were sacrificed in extremis during acute
Lassa virus infection were autopsied, and their livers, spleens, and kidneys were
taken for virus isolation and RT-PCR. Effusions, when present, were sampled for
virus titration. Cerebrospinal fluid (CSF) was taken after careful surgical expo-
sure of the cisterna magna to avoid blood contamination.

Data analysis. Data were collated using Paradox 3.0 data management systems
and analyzed using EpiInfo 5.01a and SAS/PC software. Values are from an
unconditional logistic regression analysis that controlled for monkey species,
unless otherwise stated.

RESULTS

Survival following challenge. Twenty of 44 animals survived
Lassa virus challenge (Table 1). Among the survivors were 8 of
9 V-LSG-vaccinated animals and 9 of 10 monkeys which re-
ceived the full S-segment products (Mopeia virus, V-LSG/N,
or V-LSG plus V-LSN). This protection against death was
significant when compared with the death rate of controls (P ,
0.0005). The deaths were of the two animals with the longest
vaccine-to-challenge intervals (488 and 700 days; range, 36 to
700 days; mean, 319 days). Survival diminished as the vaccine-
to-challenge interval increased (P , 0.05; range, 36 to 700
days). A trend towards increasing duration of viremia (days)
was also observed with increased intervals between vaccination
and challenge.

The 24 animals that died or were sacrificed in extremis
included all 10 negative (unprotected) controls and all 4 vac-
cinated with single glycoproteins (V-LSG1 or V-LSG2). In
addition 8 of the 11 V-LSN-vaccinated animals died, which
shows that this vaccine was not significantly protective (P .
0.10). The V-LSN animals appeared to have a shorter and
more acute process than unprotected animals. The median day
of death for V-LSN animals was day 11.5 (range, 9 to 13),
compared with day 13 (range, 10 to 19) for control animals
(P , 0.10). The highest individual terminal viremias were seen
in V-LSN-vaccinated animals (highest viremia, 109 versus 106.7

PFU/ml for unprotected animals at death). This phenomenon
of more severe disease and early death was, however, related
to the challenge dose. Back titration of the challenge inoculum
used in the final experiment showed that the titer had dropped
from 104 to 103 PFU/ml. The three V-LSN-vaccinated animals
in that experiment that received the lower challenge titer sur-
vived. These three animals were rhesus monkeys. In contrast,
all four V-LSG1- and V-LSG2-vaccinated animals received the
lower challenge dose but died regardless.

Viremia and viral load in tissues and exudates. Viremias
following challenge are shown in Table 1. All but two animals
experienced viremia, but in general, limitation of viremia cor-

related with outcome and thus protection. The highest titers
were seen in the animals that had received the V-LSN recom-
binant vaccine, but this difference was not statistically signifi-
cant when these animals were compared with the unvaccinated
animals. On the other hand, the groups of animals which re-
ceived the entire glycoprotein (V-LSG) or all the S-segment
proteins (V-LSG/N or V-LSG plus V-LSN) showed signifi-
cantly diminished mean virus titers compared with those of
unvaccinated animals (P , 0.001 and 0.001, respectively;
Student t test). The one V-LSG-vaccinated animal that died
reached maximum viremia on day 8, and the last day on which
virus was detected in serum was day 11. At autopsy on day 21
this animal had evidence of pericarditis and cardiac failure.
Virus could not be recovered from postmortem blood samples,
but there were virus-laden transudates. Virus was also recov-
ered in low titers from liver, kidney, and CSF. This animal was
coincidentally SRV antibody positive; however, overall analysis
of SRV positivity among the animals showed no association
with outcome following challenge.

Straw-colored pericardial fluid was obtained at autopsy from
all animals that received V-LSN, the one that died after V-
LSG vaccination, and five of the unvaccinated animals. Pleural
fluid was available from one V-LSN vacinee, the one that died
from V-LSN–V-LSG vaccination, and four unvaccinated ani-
mals. Titers in these fluids were almost uniformly higher than
in serum (range, 103 to 108.3 PFU/ml). Titers in CSF were
lower than in serum (range, ,100 to 104.6 PFU/ml).

Persistence of Lassa virus. The latest day on which virus
could be recovered from serum was day 14, and that from
tissues was day 21. Evidence for persistence elsewhere in tis-
sues or fluids in survivors could not be found by cocultivation
of tissues taken up to 112 days following challenge (Table 2).
However, autopsy and biopsy material examined by RT-PCR
revealed that viral RNA could be detected at least 112 days
after challenge.

Antibody experiments. Survival or death did not correlate
with the titer of IFA to whole Lassa virus antigens prior to
challenge. Following vaccination and prior to challenge, low-
titer IFA could be detected in V-LSN–V-LSG- and V-LSN-
vaccinated animals, with titers ranging from 4 to 256. There
was a decline in antibody titer with time, but challenge resulted
in a rapid boost in titers. We performed RIP analyses to de-
termine the pattern of responses against all viral proteins in
order to search for a correlation with protection. RIP re-
sponses to the glycoprotein were seen only in animals receiving
the whole S segment or the glycoprotein. There were barely
detectable amounts of glycoprotein antibody by RIP assay af-
ter a single vaccination, but this increased briskly on challenge
in protected animals (Fig. 1). IFA titers and strong nucleopro-
tein responses seen by RIP without responses to the glycopro-
tein were seen in those animals vaccinated with the corre-
sponding vaccine. Repeated efforts failed to demonstrate the
presence of plaque reduction neutralization in sera from vac-
cinated animals before challenge or in the sera of surviving
animals after recovery from challenge.

Evidence of disturbances in clinical chemistry and hematol-
ogy. Following challenge, mean hemoglobin and hematocrit
counts, cell volume, and red cell counts did not vary signifi-
cantly with viremia. Platelet counts were moderately depressed
in viremic compared with those in nonviremic animals, but this
did not correlate with virus titer in serum or with the vaccine
received. Changes in differential white cell counts (reduced
lymphocyte and raised neutrophil counts) and minimal distur-
bances in hepatic enzymes did correlate with protection and
thus outcome (data not shown). Consistent with a possible
cytotoxic T lymphocyte dominant protective response was the
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observation of a prompt lymphocytic response to the virus
challenge by day 4 in animals that had been protected with
recombinants expressing all the S-segment proteins. This find-
ing contrasts with the usual lymphopenia seen in primates
fatally infected with Lassa virus (18). Furthermore, animals
that died had significantly higher peak neutrophil counts than
those that survived. Serum aspartate transaminase levels were
highest in animals that had received the V-LSN vaccine and in
the unprotected animals, which correlates with outcome. An-
imals protected by V-LSG or the full S segment showed little
or no disturbance of liver function, even in the face of viremia.
Overall, the V-LSN-vaccinated animals had marked lym-
phopenia and higher mean aspartate aminotransferase values
than unvaccinated animals. The V-LSN-vaccinated animals
were observed to be sicker and died earlier than unvaccinated
animals.

DISCUSSION

Single administration of a vaccine expressing the full-length
Lassa virus glycoprotein affords protection against Lassa fever
in primates, with or without expression of the nucleoprotein.
Vaccines expressing single glycoprotein genes, or the nucleo-
protein alone, do not protect. This is the first convincing evi-
dence that a protective immune response in nonhuman pri-
mates requires expression of the full-length Lassa virus
glycoprotein. There was no difference in protection attribut-
able to different macaque species, so it is reasonable to antic-
ipate that similar protection can be achieved in humans.

Vaccination using the nucleoprotein may protect primates
against a lower challenge dose of Lassa virus (103 PFU). On
the other hand, we did not observe superior protection in
animals given V-LSN and V-LSG together in terms of reduc-
tions in maximum virus titers or duration of viremia. V-LSN-
vaccinated animals receiving the full Lassa challenge dose (104

PFU) suffered 100% mortality, earlier deaths (by 2 days), and
the highest viremias (up to 109 PFU/ml). The three V-LSN
survivors that received a lower challenge dose were rhesus
monkeys. We do not know if difference in species may have
influenced outcome. Against this is the observation that among
the V-LSN fatalities, half were rhesus and half were cynomol-
gous monkeys, but numbers are too small to draw conclusions.

We can conclude from the data currently available only that
V-LSN is not required for protection.

The lack of relationship between high levels of preexisting
high-titer antibody to the Lassa nucleoprotein and protection
is consistent with findings for patients in Sierra Leone, for
whom there was no correlation between titer of immunoglob-
ulin G antibody on hospital admission and subsequent out-
come (22). In this study we showed that the presence of high
titers of anti-nucleoprotein antibody measured prior to chal-
lenge bears no relation to outcome. The nucleoprotein is pro-
duced in excess of other proteins during arenavirus replication,
and this may explain the dominance of anti-nucleoprotein an-
tibodies in test systems. While we observed little in the way of
antibody to glycoprotein after vaccination with glycoprotein
antigen, we did observe a brisk response after challenge (Fig.
1). However, we were not able to demonstrate neutralizing
antibody activity in any postchallenge serum by the technique
that uses a fixed amount of serum and various dilutions of virus
(20). Unlike with Junin virus infection, Lassa fever in humans
does not respond to treatment with high-titer human immune
plasma, so the role of antibodies detected by IFA assay in virus
clearance or in protection from initial infection is at least
secondary (16, 25, 29). There are some experimental data
indicating that protection is conferred by giving immune serum
before challenge to monkeys, but neutralizing antibodies to
Lassa virus are notoriously difficult to demonstrate (16, 20, 21).
Attempts at treatment of monkeys after infection have been
uniformly unsuccessful. Fatal choriomeningitis caused by in-
tracranial inoculation of the closely related arenavirus lympho-
cytic choriomeningitis virus (LCMV) can be prevented (but
not treated) in mice using a neutralizing monoclonal antibody
to the LCMV G1 protein (3, 5, 6).

Clearly the response to glycoprotein protects the animals
from induction of fatal processes leading to disease and death.
Route and infectious dose are important determinants of out-
come, and the inoculum in this study was chosen to model the
high-dose parenteral challenge for which we require protection
(19). The immune response is the key to understanding control
of pathogenesis in this disease. Severe illness seems to be a
manifestation of disordered host responses rather than lytic
viral destruction of cells and organs (4, 10, 17, 18). It seems

TABLE 2. Detection of Lassa virus RNA by RT-PCR in tissues taken from monkeys surviving challenge

Day
postchallenge Monkey Vaccine received

RT-PCR result with biopsy and autopsy tissuesa

Liver Kidney Spleen

20 RH17 V-LSG/N Positive Positive Positive
20 RH18 V-LSG/N Positive Positive Positive
21 RH30 V-LSN Bx positive
21 RH31 V-LSN Bx positive
30 RH4 V-LSG Positive Positive Negative
30 RH5 V-LSG Positive Positive Negative
35 RH33 V-LSN Negative Positive Positive
35 RH35 V-LSG 1 V-LSN Negative Negative Positive
35 RH37 V-LSG1 1 V-LSG2 Negative Positive Positive
35 RH38 V-LSG1 1 V-LSG2 Negative Positive Positive
63 RH30 V-LSN Negative Negative Positive
63 RH31 V-LSN Negative Negative Positive
84 CY11 V-LSG Negative Negative Negative
84 CY12 V-LSG Negative Negative Negative
87 CY9 V-LSG1V-LSN Bx positive
112 CY10 V-LSG1V-LSN Positive Positive Positive
112 CY8 V-LSG1V-LSN Positive Positive Positive

a Primers to the Lassa glycoprotein gene were used as described previously (36). Bx positive, positive for Lassa virus RNA. Rates of positivity were 43% with liver
specimens (n 5 14), 71% with kidney specimens (n 5 17), and 71% with spleen specimens (n 5 14).
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FIG. 1. RIP readings and IFA titers in sera from several monkeys in each group following vaccination and challenge. The densities of the RIP bands against each
nucleoprotein were scored from 0 to 5 subjectively by a single observer on the same occasion. The x axis denotes events and time following vaccination and challenge
in days. Open bars denote antibody titer, and the other bars represent immune responses detected by RIP assay as follows: , glycoprotein; , glycoprotein 1; ,
glycoprotein 2; and ■, nucleoprotein.
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reasonable from the experiments presented here to assume
that the T-cell response is critical in controlling virus replica-
tion and preventing the cascade of fatal events that lead to
death. Apoptosis of T cells has now been reported to correlate
with fatal outcome in Ebola hemorrhagic fever. In Ebola virus,
orderly T-cell responses with limited apoptosis correlate with
survival and outcome is apparently determined very early in
disease (4). Lymphopenia and impaired lymphocyte prolifera-
tion responses are characteristic of severe Lassa fever. It may
be that apoptosis is likewise a central feature of the failure to
control virus replication and hence fatal outcome.

Our data strongly implicate the primary role of cytotoxic T
lymphocytes in protection from Lassa fever. The protection of
our animals by Lassa virus glycoprotein expressed in vaccinia
virus in the face of a low antibody response and the lack of
protection by antibody alone led us to the conclusion that
antibody alone does not provide protection (29). The immune
response to the Lassa virus glycoprotein limits but does not
eliminate virus replication after challenge. What we do know
from our study is that epitopes on both glycoproteins are
needed and that these are apparently able to induce protective
immunity in concert but not independently. It is known that the
proper folding of LCMV glycoprotein is critical for induction
of the humoral response and that baculovirus- and vaccinia
virus-expressed glycoproteins, such as we used in these exper-
iments, are not posttranslationally processed or transported
correctly to the membrane (12, 38, 39). Thus, the minimal
measurable antibody response to glycoprotein after vaccina-
tion may be related to improperly folded glycoprotein. Despite
the strong evidence implicating cell-mediated immunity, we
still think we have to keep an open mind about some contri-
bution to protective processes by antibodies.

Lassa virus has long been known to persist in humans, but
secondary cases due to contact with recovered patients have
never been reported (15, 28). We could not demonstrate per-
sistent viremia but did detect persistence of Lassa virus RNA
in tissues, particularly the spleen, at least 112 days after chal-
lenge. However, we could not recover virus from these tissues
even using cocultivation techniques. Thus, it seems very un-
likely that persistence at this level can have any public health
importance. Indeed low-level persistence of viral RNA follow-
ing natural infection may be important in protection against
reinfection. By current estimates about 100,000 new Lassa
virus infections are acquired naturally each year, and there is
no evidence that such people, once recovered, infect others in
their communities or in medical care facilities.

Not unexpectedly, we determined that vaccine-to-challenge
intervals and challenge dose also influenced outcome. The two
V-LSG- and V-LSG–V-LSN-vaccinated animals that died each
had the longest vaccine-to-challenge intervals in their group
(700 and 488 days, respectively). The single V-LSG death was
atypical, in that the animal died late (day 19) with complica-
tions (pericarditis), seen occasionally in humans with Lassa
fever (9, 28). V-LSN-vaccinated animals that received a 10-
fold-lower challenge dose survived, even though this lower
dose killed all the single-glycoprotein-vaccinated animals. Par-
tial protection of guinea pigs vaccinated with the Lassa virus
nucleoprotein constructs has also been observed (1, 8, 32). It is
difficult and potentially misleading to compare data from dis-
parate species, particularly from the rodent host, in which
arenaviruses establish silent persistent infection, and from the
accidental host, the primate, in which the host response is
acute, severe, and often fatal. The “protection” seen in the
three surviving monkeys vaccinated with nucleoprotein may,
on the other hand, be purely a function of challenge. Persis-
tently infected mastomys urine (about 102 to 103 Lassa virus

particles/ml) is the most likely source of primary infections in
humans (23, 30). In practice, however, virus titers in human
blood may be as high as 107 to 109, so a vaccine for hospital
staff must protect against high-dose challenge by parenteral
routes such as needlesticks and accidental infusion (19, 22, 23).

Cross-protection against other West African strains of Lassa
virus remains to be addressed. The protection afforded by the
Mopeia virus from southern Africa certainly supports the idea
that broad protection is achievable and desirable, particularly
since some Nigerian strains may induce more severe and fatal
illnesses than strains from further west (19, 23, 35). Monoclo-
nal antibody mapping and molecular studies of the glycopro-
teins of African arenaviruses show a conserved B-cell epitope
on G2 in all of the known African arenaviruses, including
Mopeia and most South American arenaviruses (33). How-
ever, both G1 and G2 recognition is necessary based on the
results of our experiments. We concluded from continuous
observations over 14 years in Sierra Leone that a single natural
infection provides long-term protective immunity against dis-
ease (27).

We are concerned that genetically engineered vaccines will
protect only in the short term. With respect to the population
that most needs this vaccine, a single shot of live attenuated
candidate vaccine conferring life-long immunity is much pre-
ferred. Mopeia virus is a good illustration of an effective live
attenuated vaccine, with the advantage that a single adminis-
tration might induce life-long protection. Mopeia virus is un-
likely ever to be acceptable, since it is presently classified as a
BSL3 pathogen, even though data from Mozambique and
southern Africa suggest that this virus is not pathogenic for
humans (41). There are major sequence differences in the S
segments of Lassa and Mopeia viruses, but no sites associated
with virulence have been genetically mapped. Mopeia virus
possesses not one but two hairpin loops connecting the am-
bisense S gene, but the G1 and G2 proteins have 74 and 80%
amino acid sequence homology, respectively (37). Pathogenic-
ity in LCMV has been mapped to the L gene, and the most
divergent regions are found in the RdRp and Z proteins (14).
RdRp analyses group Lassa virus and LCMV together as a
separate arenavirus lineage (13, 24). Sequence data are not
available for the Mopeia virus L gene, but geographically it is
likely to also fall within this Old World arenavirus lineage.
Despite this evidence, Mopeia virus is never going to achieve
the safety standards required, and other solutions must be
sought.

Among the hemorrhagic fever-causing viruses, Lassa fever
and hantaviruses afflict the greatest number of victims. Lassa
fever could easily threaten communities in West Africa outside
of its already broad area of endemicity. In the first three
months of 2000, three fatal cases have been reported among
travelers returning to Europe, and in April 2000 epidemics are
again being seen in Nigeria, the most populous country in
Africa. Since 1990, severe social disruption from conflicts and
terror campaigns in Sierra Leone and Liberia have resulted in
displacement of up to 2,000,000 people—half the population of
the area—with a substantial increase in the already large num-
ber of Lassa fever cases and deaths (Allan et al., Int. Conf.
Emerg. Infect. Dis., abstr. 134). An effective vaccine for the
closely related hemorrhagic fever virus Junin virus has been
made and has virtually eliminated disease caused by this virus
in Argentina (26). We have shown that an effective vaccine for
Lassa fever can be made. This vaccine needs to express the
full-length glycoprotein, and the nucleoprotein is not required.
We now need to pursue production and evaluation of a vaccine
for human use as a matter of humanitarian concern and pri-
ority.
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